ABSTRACr Lung innervation has been studied in the past by methylene blue staining and silver impregnation and more recently by histochemical methods. These techniques give only a partial picture of the total innervation. We have delineated the innervation of the lung in man and three other mammalian species by immunostaining with antibodies to two new markers of nervous tissue. These markers are neurone-specific enolase (NSE), an enzyme present in nerve cells in both the central and the peripheral nervous systems, and S-100, a protein found in glial cells. Throughout the respiratory tract NSE was localised in ganglion cells and nerve fibres in all species examined, while S-100 was found in the supporting glial cells of ganglia and in the Schwann cells of peripheral nerves. The distribution of NSE immunoreactivity in serial sections was compared with that of acetylcholinesterase-containing, noradrenergic, and peptide-containing nerves. In all areas NSE was found to be a specific marker for all three types of nerves. Thus these two antibodies provide an effective histological means of examining both the neuronal and the nonneuronal components of the lung innervation and should be of value in investigating this system in lung disease.
The lung has a rich nerve supply, consisting of both sensory and motor divisions. The methods used to demonstrate this innervation by light microscopy in earlier studies included methylene blue and silver staining."3 More recently, histochemical techniques have been applied, for example, to localise acetylcholinesterase, which is thought to be a marker for cholinergic nerves,46 and to demonstrate formaldehyde-induced fluorescence in aminergic nerves.78 All these methods have their limitations and give only a partial view of the total innervation.
Recently two highly acidic soluble proteins have been isolated from brain extracts and characterised.9
The first, neurone-specific enolase (NSE), is an isoenzyme of the glycolytic enzyme enolase.'0 Antibodies raised against this enzyme and used as immunochemical reagents show that it is specifically localised in neurones" in both the central and the peripheral nervous systems'2 as well as in neuroendocrine cells throughout the body.'314 The second protein is S-100 (so named because of its solubility in 100% ammonium sulphate at neutral pH), a calcium-binding protein, '5 which is found by immunocytochemical methods in glia of the central nervous system'6 and glial cells of the peripheral ganglia as well as Schwann cells in peripheral nerves. '7 18 In view of the localisation of NSE and S-100 in neurones and glial cells respectively in other tissues, we have studied the respiratory tract of man and three other mammalian species to see whether its innervation can be delineated by immunostaining with antibodies to these proteins.
We have also compared the distribution of NSE and S-100 immunoreactivity with that of acetylcholinesterase-positive nerves, noradrenergic nerves, and peptide-containing nerves in all four species.
Methods

Tissue
The respiratory tract was obtained from six adults (four men and two women aged 18-73 years, mean 60 years) and four children (two boys and two girls, two aged 24 hours, one 6 months, and one 6 years) dying of non-cardiopulmonary causes. Only fresh postmortem material, obtained less than 24 hours after death, was examined. In each case the areas dissected out included the trachea, major bronchi, the inner lung zone containing minor bronchi, the middle lung zone containing medium-sized bronchi, and the outer lung zone including alveoli. In addition, fresh surgical biopsy specimens of nasal mucosa from the inferior turbinate area were taken at operation from eight adult patients (five men and three women aged 18-73 years, mean 39 years) undergoing upper respiratory tract surgery for conditions not related to the nasal mucosa.
Eleven cats (six male and five female, 2-6-4-2 kg), eight Wistar rats (all female, 190-250 g), and six Dunkin Hartley guinea pigs (four male and two female, 350-450 g) were studied. The rats and guinea pigs were killed by cervical dislocation and the cats with an intraperitoneal injection of sodium pentobarbitone. In each case the areas examined were similar to the areas of human material examined but the nasal mucosa was also included in the dissection.
Each sample of tissue was fixed and processed for conventional histology, immunocytochemistry, and histochemistry.
Fixation Each piece of fresh tissue, about 1.5 x 0*75 x 0.5 cm, was divided into three equal parts, each part being fixed by one of three methods. (1) Tissue was fixed in parabenzoquinone solution (0-4 g benzoquinone in 100 ml 0-01 molI phosphatebuffered saline (PBS), pH 7.4) for 1-11/2 hours at 40C.'920 After fixation the tissue was washed overnight in buffered sucrose (70 mg/ml sucrose, 0*1 mg/ml sodium azide in PBS), then snap Multiple serial sections were cut from all blocks at a thickness of 3-7 gm for conventional histology (sections being stained with haematoxylin and eosin and examined to ensure that only normal specimens of the respiratory tract were included in the study) and for comparative immunocytochemistry and histochemistry.
Immunocytochemistry The immunocytochemical techniques were indirect immunofluorescence2' and the peroxidase antiperoxidase (PAP) procedure. 22 The antibodies used were raised against the brain proteins NSE and S-100, the peptides vasoactive intestinal polypeptide (VIP) and substance P, and the enzyme dopamine-,8-hydroxylase (DBH), which is concerned in catecholamine biosynthesis and is a marker for catecholamine-containing nerves. 23 In peripheral sympathetic nerves noradrenaline has been found to be the predominant catecholamine component, so throughout this study we refer to DBH-immunoreactive fibres as noradrenergic. Details of the antibodies and their region specificity are given in the table. The antisera to NSE, S-100 and DBH were raised in rabbits.'7 23 2' Controls included prior absorption of the antibody with its specific antigen (table) . The antiserum to VIP (28 amino acids) was completely absorbed by the whole antigen molecule but did not absorb with the synthetic amino acid fragments 1-22 or 7-28. This suggests that the VIP antiserum reacts with the whole VIP molecule. The antiserum to substance P was absorbed by its relevant antigen but not by the synthetic amino acid fragment 7-11. Thus the antiserum to substance P (11 amino acids) appears to be directed towards the middle or N-terminal portion of the substance P molecule. , fr X 21>~~~~~~~~~~~~~~i. In all four species all acetylcholinesterase-positive ganglion cells were also immunoreactive for NSE (fig 3) , while acetylcholinesterase-containing nerve fibres had a distribution similar to that of NSEpositive nerve fibres throughout the respiratory tract. In general, NSE-immunoreactive ganglion cells and their fibres were present in larger numbers than those which could be demonstrated by acetylcholinesterase staining.
NORADRENERGIC INNERVATION
With antibodies to DBH noradrenergic nerve fibres were found mainly in the upper respiratory tract, in the airway smooth muscle, and in the adventitia of the tracheobronchial blood vessels. In the lung, fibres were fewer and were related to the adventitia of the bronchial and pulmonary vessels, with few fibres in the airway smooth muscle. Species variation was noted, more fibres being observed in the cat than in the other three species. In serial sections the distribution of noradrenergic nerves was found to be similar to that of NSE-immunoreactive nerves, but NSE-containing nerves were present in much greater numbers. No DBH-positive ganglion cells were identified in any species.
PEPTIDERGIC INNERVATION
Vasoactive intestinal polypeptide and substance P are the two peptides so far demonstrated by immunocytochemistry in the pulmonary nervous system.27'30 VIP immunoreactivity, though present in all species, is found most abundantly in the cat, within both ganglion cells and nerve fibres. In serial sections immunostained with antibodies to NSE and VIP all VIP-immunoreactive ganglion cells were also immunoreactive for NSE (fig 4) but the NSE ganglion cells were more abundant. In addition, all the VIP-immunoreactive ganglion cells contained acetylcholinesterase but there were more acetylcholinesterase-positive ganglion cells than ganglion cells containing VIP. VIP-immunoreactive nerve group locations could not be differentiated from NSEimmunoreactive nerves, being chiefly seen around seromucous glands and blood vessels and in the airway smooth muscle.
Substance P immunoreactivity was found within nerve fibres, particularly beneath the respiratory epithelium, in the airway smooth muscle, and around blood vessels. They were seen throughout the respiratory tract of all species but were most prominent in the guinea pig. Serial sections immunostained with antibodies to NSE and substance P showed that wherever nerve fibres containing substance P were located NSE-positive fibres were also stained in adjacent sections.
We noted that the number of NSEimmunoreactive ganglion cells and nerve fibres greatly exceeded those that could be demonstrated by peptide immunocytochemistry. TISSUE FIXATION Both NSE and S-100 immunoreactivity were excellently demonstrated in the formalin and Bouin's fixed paraffin-embedded tissues of all species examined. The tissue fixed in benzoquinone vapour did show denser immunostaining but the distribution of both NSE-containing and S-100-containing nerves did not differ from those seen in the routinely fixed tissues. For the demonstration of acetylcholinesterase-containing, noradrenergic, and peptidergic nerves, however, tissue fixed in benzoquinone solution and made into cryostat blocks gave the best results.
Discussion
The prominence of the nervous system in the control of normal physiological and pathological processes in the lung has been evident for some years.3132 Nevertheless its morphological appearance has received comparatively little attention. This is perhaps due to the lack of specific and reliable markers for nerve cells and their supporting elements. Earlier studies made on the respiratory tract'-353 used methylene blue and silver impregnation techniques to demonstrate all nervous structures nonspecifically. These techniques, however, are known to give variable results and produce artefacts. 23 Fishers stated that both techniques can give variable results depending on the fixation method used and he described nerve ending artefacts, similar to those described by previous authors, which were due to overstaining and trauma.
Later studies using light microscopy have incorporated histochemical methods, mainly acetylcholines-terase staining for cholinergic nerves and formaldehyde-induced fluorescence for adrenergic nerves.5 8 3' Both of these methods only give a partial view of the total innervation and have certain drawbacks. In the interpretation of acetylcholinesterase staining it should be noted that acetylcholinesterase itself has not been considered a truly specific marker for cholinergic nerves since 19573S and recently the enzyme has been shown to hydrolyse substance p.36 Diffusion artefacts at nerve endings with cholinesterase staining were shown in extrapulmonary vessels by Fisher.5 The formaldehyde-induced fluorescence method for demonstrating aminergic nerves3' may give difficulties in interpretation because of the autofluorescence of tissue elastic. Antibodies to DBH will immunostain only catecholaminecontaining nerves and will not demonstrate dopamine-containing structures like the formaldehyde-induced fluorescence method. 23 In our study, using immunocytochemical techniques with antibodies to NSE and S-100, we have demonstrated very clearly both the neuronal components and the supporting cells of the pulmonary innervation in man and three other mammalian species. NSE has already been shown to be a reliable and specific enzymatic marker for ganglion cells and nerve fibres in many tissues,12 14 including the human fetal lung. 38 Immunostaining with antibodies to S-100 is an excellent means of demonstrating the supporting glial cells of pulmonary ganglia and the Schwann cells of peripheral nerves, both of which have been poorly described in the respiratory tract at the light microscopic level.
An important finding was that the distribution of NSE immunoreactivity was similar to that of acetylcholinesterase-positive nerve cells and fibres, the noradrenergic innervation, and the peptidecontaining nerve cells and fibres, so that NSE appears to be a specific marker for all the components of the lung innervation. In addition, both NSE and S-100 immunoreactivity showed more than had hitherto been seen by either the histochemical methods or peptide immunocytochemistry. The presence of NSE-immunoreactive nerve cells and fibres in larger numbers than had been apparent with the other methods may indicate that there are still other nerve cells and fibres, whose neurotransmitter has not yet been discovered. Another advantage of using these two immunocytochemical markers to delineate the lung innervation is that their antigenicity is preserved after fixation in both formalin and Bouin's solutions. Thus retrospective studies on the lung innervation are possible.
Our results are particularly applicable to studies of lung pathology. The nervous system of the lung plays a major part in the control of airway smooth muscle,3132 pulmonary blood flow,39 and glandular secretion.40 Thus its evaluation in pathological states is essential and immunostaining with antibodies to NSE and S-100 provides a simple histological means for rapid assessment. Separate components of the nervous system can then be examined by the techniques of enzyme histochemistry or peptide immunocytochemistry.
